When an unsaturated porous medium i" subjected to a temperature gradient and the temperature iB suffi ciently high, vadose water is heated and vaporizes. Vapor flows under its pressure gradient towards colder regions where it condenses. Vaporization and condensation produce a liquid saturation gradient, creating a capillary pressure gradient inside the porous medium. Condensate flows towards the hot end under the influence of a capillary pressure gradient. This is a heat pipe in an unsaturated porous medium. We study analytically the transport of gaseous species released from a spent-fuel waste package, as affected by a time-dependent heat pipe in an unsaturated rock. For parameter values typical of a potential repository in partially saturated fractured tuff at Yucca Mountain, we found that a heat pipe develops shortly after waste is buried, and the beat-pipe's spatial extent is time-dependent. Water vapor movements produced by the heat pipe can significantly affect the migration of gaseous radionuclides.
INTRODUCTION
When an unsaturated porous medium i" subjected to a temperature gradient and the temperature iB suffi ciently high, vadose water is heated and vaporizes. Vapor flows under its pressure gradient towards colder regions where it condenses. Vaporization and condensation produce a liquid saturation gradient, creating a capillary pressure gradient inside the porous medium. Condensate flows towards the hot end under the influence of a capillary pressure gradient. This is a heat pipe in an unsaturated porous medium. We study analytically the transport of gaseous species released from a spent-fuel waste package, as affected by a time-dependent heat pipe in an unsaturated rock. For parameter values typical of a potential repository in partially saturated fractured tuff at Yucca Mountain, we found that a heat pipe develops shortly after waste is buried, and the beat-pipe's spatial extent is time-dependent. Water vapor movements produced by the heat pipe can significantly affect the migration of gaseous radionuclides.
ANALYSIS
To determine the vapor mass flux and the spatial and temporal extent of a heat pipe, coupled heat and mass transfer analysis is used. We consider a waste sphere of radius r 0 of surface area equal to that of actual waste containers, in an infinite homogenous porous medium. When a heat pipe develops, three zones can be identified, see Figure I . Near the hot waste there is a vapor-only region ro < r < ri(t) where pore space is filled mostly by vapor. The intermediate zone i*i(t) < r < rj(f) is the heat pipe. Outside the heat pipe is a region where most of the pores are filled by liquid-the liquid zone r 3 (t) < r < oo.
Because decay heat decreases gradually with time, thermal equilibrium is maintained, and a quasi-steadystate analysis can be used. Furthermore, we use the "effective continuum" porous medium approach, 7 instead of treating fractures and matrix discretely. The ideal gas law is used for vapor. We assume fluid properties are constant. Gravitational effect is neglected. Non-condensible gases are not considered in this analysis.
Within a control volume, the flow of liquid water and water vapor is described by a continuity equation
where m is the mass flux and subscripts V and T refer to vapor and liquid respectively. Vapor and liquid fluxes are given by Darcy's law
where p is the pressure, Jt is the permeability, /i is the dynamic viscosity and S is scaled liquid saturation. Scaled saturation is given by S = (S« -
where Si is the actual liquid saturation and Stj rr is the irreducible saturation. Capillary pressure p c (S) is given by a known characteristic function
The energy transport is described as <j" = -A(S)^ + mvfc/s (5) where T is temperature, X(S) is the thermal conductivity depending on saturation, hj, is the enthalpy of vaporization and q" is the time-dependent heat flux from the waste; and q" is the driving force for the heat pipe.
Temperature and capillary and vapor pressures have the following relationship, assuming thermodynamic equilibrium, from combining Kelvin's and Clapeyron's equations
To " 1 -(T a R,/h") log(p"/po) *• '
where p is density, R, is the vapor constant, To is the boiling temperature at po, and po is the atmospheric pressure at the repository horizon.
We seek to determine ri(r) and rj(i), the spatial extent of the heat pipe, defined as at r = r!(0: S = S U and T = T(5i)
at r = r 3 (i): S = 5", T = T(S X ), and p" = po (8) where Si is the saturation in the vapor zone and Soo is the ambient saturation.
We summarize our major findings as (9) to (14) below. The mathematical details will be reported separately. By solving (1) In the vapor zone the primary heat transfer mode is conduction, thus the inner boundary of the heat-pipe zone ri(t) can be estimated as a result of quasi-steady-state heat conduction by
where T w (t) is the waste-surface temperature, approximated from the solution of heat conduction in an infinite spherical medium with the heating rate Q$(t) at r 0 and with an initial temperature equal to ambient temperaure. T(Si) as well as T(.S) are obtained from (6), (7) and (13). Thus, r t (i) is known. Then, r 2 (<) is known through (8) and (9). The functions T(S(r)), p"(S(r)) and a(S(r)) are then obtained from (6) through (13).
Finally, the vapor mass flux is
where a(5(r)) is obtained from (11) through (14).
When the "effective continuum" model 7 is applied to tuff with dry fractures, and k/ > k m , we have t"(5)«*; and
where subscripts "/" and "m" are for fractures and matrix and "rf is for relative permeability for liquid.
To determine the effect the heat pipe has on the transport of gaseous radionuclide, we solve the advectivediffusion equation for a gaseous species for the system with a heat pipe, and compare the species concentration with one calculated without a heat pipe. If D is the effective diffusion coefficient of the species in the gas phase and C is its concentration in the gas phase, the governing equation for transport is
where v is the vapor velocity obtained from (15). Here we have assumed that the amount of vapor is much larger than the amount of the species so that vapor acts like a carrying gas. We have neglected sorption and radioactive decay.
The boundary conditions are C(r 0 ) = Co and C(co) = 0 (18)
The solutions for (17) and (18) will be reported in detail separately.
NUMERICAL ILLUSTRATIONS
We use fluid properties from steam tables in standard texts. 8 In particular, we use the values in Table I . The waste sphere has a radius of 0.73 m. We assume that the repository will be in the Topopah Spring welded tuff unit. 9 Most of the matrix and fracture properties are from experimental results of Peters et a/. 10 , including a characteristic curve fitted by the van Genuchten method." The ambient tuff temperature is assumed to be 25°C. 9 We consider heating from a spent-fuel waste package containing ten-year-old waste, with the following heating history <t>(t) = 0.7707e-002689 ' +0.1932e-0002: " +0.02163e-000005343 ', 0 < i < 50,000
Other properties are taken from a simulation study by Tsang and Pruess. 13 The shaded area in Figure 2 shows the extent of the heat pipe as a function of time. We also show the waste surface temperature and normalized waste heat generation, 4>(t). The extent of the heat pipe is a function of the -heating by the waste. When the tuff temperature is lower than the T(S") = 96.18°C, the heat pipe disappears. For the waste sphere we consider, the heat pipe exists from eight days after emplacement to 40 years. Figure 3 shows the temperature and vapor pressure within the heat pipe as a function of saturation. They both decrease with saturation. The temperature gradient becomes small near the cold end (high saturation region), corresponding to the decrease of conductive heat flux. The vapor pressure gradient becomes great Figure 6 shows the concentration of a gaseous radionuclide as a function of radial distance, at three years after emplacement. Due to the variation in vapor velocity (shown as dotted line), the concentration becomes very small near the cold end of the heat pipe and then increases sharply, causing back diffusion in the heat pipe. Such details of the concentration profile would not be observed without a heat pipe analysis.
CONCLUSIONS

From this analysis, we found
(1) For the waste we analyzed, a heat pipe would exist from eight days to 40 years after emplacement. The heat pipe extends from the waste surface to about three meters from the center of the waste sphere.
(2) Water vapor velocity increases with radial distance within the heat pipe due to vaporization, and its magnitude varies with time because of the time-varying heat pipe. The maximum velocity is 1000-fold greater than the local air velocity if there were no heat pipe. This result agrees with previous result* by other investigators.
(3) In the heat pipe, the concentration of the gaseous species in water vapor decreases near the hot end and increases near the cold end due to vapor movement.
(4) If the gaseous species release mechanism maintains a near-constant concentration of gaseous species in the short period of time in the gas outside and near the waste container surface, the mass flux of transport of that species would be increased 1.3 to 7 times greater than if there were no heat pipe. This implies, however, that if the release rate of gaseous species is affected little by the concentration of that species outside the container, the heat pipe can have little effect on the transport rate of that species.
Our analysis shows there is the possiblity of creating a heat pipe at the potential repository at Yucca Mountain, and that a heat pipe would have significant effect on the transport of gaseous radionuclides.
Further studies of such a phenomenon appears warranted. 
